AlN thin films were fabricated on silicon ͑100͒ substrates by pulsed laser deposition and their properties are investigated. Our results indicate that the AlN films have a wurtzite crystalline structure with ͑002͒ preferential orientation over a large range of temperatures from room temperature to 800°C. With an increase in substrate temperature, the films undergo a transition from nanocrystalline to large polycrystalline morphology, and at the same time the surface roughness increases due to larger columnar grain size. Electrical measurements show that there is a high dynamic charge density in the AlN films, and a polarization-enhanced mechanism is proposed to interpret the voltage-charge hysteresis loops observed in the samples.
I. INTRODUCTION
Group-III nitrides have attracted increasing interest for microelectronics 1 and optoelectronics. 2 Among them, AlN possesses a wide band gap ͑6.2 eV͒, high thermal conductivity ͑3.2 W cm Ϫ1 K Ϫ1 ͒, low thermal expansion coefficient, high breakdown dielectric strength, high chemical and thermal stability, and the highest reported surface acoustic wave velocity among piezoelectric materials. 3, 4 All these properties make AlN a promising material for application in microelectronic and optoelectronic devices such as high power and high temperature devices, short wavelength emitters, surface acoustic wave devices, and electronic packaging.
Because of the lack of suitable lattice-matched substrates, most III-nitride materials and devices are deposited onto sapphire substrates. 5 So far, there are still challenges to these approaches. The disadvantages of using sapphire substrates for III-nitride growth are the large mismatch between III nitrides and sapphire substrates, the insulating and abrasively resistant nature of sapphire materials, and the high cost of the single crystalline sapphire material. 5 Therefore, the growth of the thermodynamically stable wurtzite phase of AlN on silicon substrates may be one of the next-best solutions for the preparation of composite substrates for IIInitride electronic and optoelectronic devices, and successful nitride film growth on Si͑001͒ also allows the integration of group-III-nitride optoelectronics into well-developed Si technology. 6 Recently, Men et al. suggested using AlN as the insulating layer in silicon-on-insulator ͑SOI͒ materials to alleviate the self-heating effect which creates obstacle for traditional SOI substrates with a SiO 2 buried layer in high voltage, high power applications. 7 Various techniques have been reported for the synthesis of AlN films. These include chemical vapor deposition ͑CVD͒, 8 plasma assisted CVD, 9 metalorganic CVD, 10 reactive dc-magnetron sputtering, 11 plasma assisted molecular beam epitaxy ͑PAMBE͒, 6 ion beam enhanced deposition ͑IBED͒, 7 laser CVD, 12 pulsed laser deposition ͑PLD͒, 13, 14 etc. In most of the previous work sapphire or SiC was used as the substrate. PLD in particular lends itself to lowtemperature processing because the average energy of particles in the laser-evaporated plume is considerably higher a͒ Author to whom correspondence should be addressed; electronic mail: paul.chu@cityu.edu.hk ͑ϳ10 eV͒ than the thermal evaporation energy ͑ϳ0.1 eV͒. The additional energy during laser ablation is utilized in recrystallization of the thin films. The highly nonequilibrium nature of the pulsed laser evaporation/ablation process is an attractive means by which to synthesize stoichiometric thin films of various metal nitrides and oxides from corresponding bulk targets. 13 For example, successful epitaxial growth of TiN films on Si͑100͒ at substrate temperature as low as 500-600°C by PLD has been reported. 15 However, there have been few reports on the preparation of AlN/Si͑100͒ heterostructures using PLD.
In this work, we prepared AlN thin films on Si͑100͒ substrates using PLD. Our results reveal that PLD deposited AlN films on Si͑100͒ substrates exhibit wurtzite phase and ͑001͒ preferential orientation over a large range of temperatures from room temperature to 800°C. Different techniques were used to characterize the films. Based on the results, a polarization-enhanced mechanism is proposed to interpret the voltage-charge hysteresis loops observed in the samples.
II. EXPERIMENT
AlN films were deposited on a p-type silicon ͑100͒ substrate ͑1-5 ⍀ cm͒ by pulsed laser deposition in a Lamda Physiks Lpx Extra system. The silicon wafers initially underwent standard RCA cleaning. Three substrate temperatures were used, room temperature and 300 and 800°C. A KrF pulsed excimer laser ͑ϭ248 nm͒ was employed to ablate a polycrystalline, stoichiometric AlN target at an incident angle of 45°. One of the advantages of PLD is that the fabricated film has the same composition as the target. The laser energy was 600 mJ/pulse and the frequency was 10 Hz. The evaporated species were deposited onto the substrates from a distance of 5 cm at ambient background gas pressure of about 6.67ϫ10 Ϫ5 Pa. The deposition process lasted for about 1 h for all samples.
X-ray diffraction ͑XRD͒ and high-resolution transmission electron microscopy ͑HRTEM͒ were used to examine the microstructure of the AlN thin films. Atomic force microscopy ͑AFM͒ and Fourier transform infrared ͑FTIR͒ spectroscopy were also employed to characterize the AlN films. For electrical measurements, Al dots ͑1ϫ2 mm 2 ͒ were evaporated onto the AlN films in vacuum using a shadow mask technique. For the backside contact, Al was evaporated immediately after a HF clean to remove native oxide. The capacitance-voltage (C -V) characteristics of our samples were assessed with an HP4194a system and the voltagecharge characteristics were analyzed using the RT66 system made by Radiant Technology Inc. Both systems are widely used to study ferroelectric materials.
III. RESULTS AND DISCUSSION
A. Microstructure Figure 1 depicts XRD patterns acquired from the three samples deposited at room temperature and 300 and 800°C.
The room temperature sample hardly shows AlN peaks, but the 300 and 800°C samples exhibit significant AlN͑002͒ patterns. Highly oriented, dense crystalline films are required for applications of AlN such as surface acoustic waves ͑SAWs͒ and thermal conductors in high power microcircuits. 16 It can be observed that the intensity of the AlN͑002͒ peak increases with a higher substrate temperature, thereby suggesting that the higher the substrate temperature, the larger the grain size and the more the preferential the ͑002͒ oriented to a hexagonal structure. This tendency is consistent with that in previous work conducted at different substrate temperatures. 17 The film deposited at room temperature has an amorphous structure or possibly a microcrystalline structure due to the relatively poor resolution of XRD. Previous AlN films deposited on various substrates by laser ablation at room temperature were considered to be amorphous.
14,18 However, we think it is uncertain since XRD has low resolution. The XRD resolution depends on many factors such as the film thickness, diffraction intensity of specific lattice planes, and how the film is preferentially oriented, so it is different to assign an absolute value. In our samples, it is estimated to be tens of nanometers.
HRTEM was employed to determine details of the microstructure of the sample deposited at room temperature. Figure 2 depicts a TEM image of the AlN layer on Si͑100͒ deposited at room temperature. Figure 2͑a͒ shows the crosssectional structure of the sample, in which a ϳ110 nm thick AlN film with a flat and abrupt AlN/Si interface can be seen. In Fig. 2͑b͒ , stripes corresponding to the ͑002͒ lattice plane of the wurtzite structure can be readily observed in the AlN layer, so AlN is preferentially oriented in the c axis on the Si͑100͒ substrate. The size of the AlN grains is approximately 6 and 20 nm in the growth plane and along the c axis, respectively, suggesting a columnar growth mechanism. The interface between the AlN film and Si substrate, shown in Fig. 2͑c͒ , is abrupt, indicative of little interdiffusion, and the AlN layer also has a preferential ͑002͒ direction. However, several nanometers of the AlN layers at the very beginning stage of growth are not aligned very well. After this buffer layer growth, the film tends to be of wurtzite structure and also preferentially c axis oriented. We surmise that a domain growth mechanism 19 is also responsible. a selected area electron diffraction ͑SAED͒ pattern of the layer. The ring pattern indicates a polycrystalline microstructure and the lack of a well-defined pattern within the rings suggests that this film has a small crystallite size. The absence of the usually intense ͑002͒ ring again indicates that the film is oriented preferentially in the c axis and is aligned in the direction normal to the sample surface.
4 Figure 3 displays the FTIR spectroscopy result obtained on a Perkin-Elmer model 1600 FTIR spectrometer. The silicon background spectrum was subtracted for clarity. The strong absorption peak shown in Fig. 3 at 667.8 cm Ϫ1 is due to transverse optical phonon modes of AlN. 20 The spectra are consistent with laser deposited films that are free of Al 2 O 3 or AlON impurities. Especially significant is the absence of absorption by any Al-O bond at 460 cm Ϫ1 . 21 Nevertheless, the films deposited at lower substrate temperatures ͑room temperature and 300°C͒ show broad absorption peaks, indicating a reduced crystalline structure, that is, smaller grain size. These results are in agreement with the aforementioned XRD and HRTEM results.
B. Surface morphology
The surface smoothness of AlN thin films is a critical issue especially for the synthesis of SOI in which wafer bonding is necessary 7 as well as for the propagation loss of SAW devices. 22 The films deposited at all substrate temperatures in this work are uniform and smooth from a macroscopic perspective. For microroughness assessment, AFM was performed. Figure 4 exhibits three-dimensional AFM images of the samples fabricated at room temperature acquired by contact mode ͓Fig. 4͑a͒, 1 mϫ1 m area͔ and at 800°C ͓Fig. 4͑b͒, 2 mϫ2 m area͔. The one deposited at room temperature has a smoother surface with a root mean square ͑rms͒ value of 0.189 nm. This rms value is comparable to a previously reported record achieved in IBED deposited amorphous AlN films which were successfully bonded. 7 However, different from that reported, our film deposited at room temperature is highly c-axis-oriented microcrystalline rather than amorphous. The film deposited at 800°C is rougher ͓Fig. 4͑b͔͒ and its rms value is 11.38 nm. This is reasonable since the larger the grain size, the rougher the top surface. The grains in the film deposited at 800°C are estimated according to AFM results to be 80 nm vertically and 60 nm laterally, indicative of columnar growth. The results are consistent with the sample deposited at room temperature except for the larger size. Figure 5 presents the C -V characteristics of the room temperature deposited sample measured at different frequencies. All the curves display a counterclockwise loop. As a point of comparison, for a ferroelectric film grown on a p-Si substrate, the C -V hysteresis would exhibit a clockwise loop. The fact that a clockwise loop is not observed in our samples is reasonable, since AlN is not a ferroelectric material but a piezoelectric one. It is believed that, as a dielectric layer, counterclockwise C -V hysteresis indicates a large dynamic charge density in the AlN film.
C. Electrical properties and mechanism
The RT66 system that is commonly employed to characterize ferroelectric films was used in our experiments. The hysteresis loop obtained is depicted in Fig. 6 . Although the three curves ͑in sequential scans͒ do not coincide completely ͑possibly because of charged defects͒, the presence of a discrepancy between voltage scans with different sweep directions ͑ϩ→Ϫ and Ϫ→ϩ͒ is certain and no greater difference can be observed after repeated measurement. This is not surprising since for the RT66 system, the loop is possibly induced by high leakage current that is verified to be somewhat valid by the C -V characteristics. However, for similar AlN films prepared by IBED ͑details can be found in Ref. 23͒, no significant hysteresis loops were observed using the same measurement specifications, even when the AlN film was comparably leaky due to, for example, Al enrichment. Thus, we surmise that the difference comes at least partially from the difference in microstructure between the two films fabricated by PLD and IBED. It has been shown that IBED deposited AlN films are amorphous, whereas the PLD deposited AlN films reported in this article are polycrystalline.
Bernardini et al. 24 have pointed out that, in addition to high piezoelectric polarization, spontaneous polarization is very common in wurtzite group-III nitrides, particularly in AlN. The spontaneous polarization in AlN is predicted to be Ϫ0.081 C/m 2 based on ab initio calculation. Park and Chuang 25 studied the electronic and optical properties of wurtzite GaN/AlGaN structures and estimated that the spontaneous polarization constant for AlN was about Ϫ0.040 C/m 2 . When crystalline AlN thin films with wurtzite grains act as a gate insulator, spontaneous polarization will definitely modulate the electrical property of the devices. Nevertheless, since no reverse polarization occurs in piezoelectric materials ͑a difference between the ferroelectric and piezoelectric materials͒, the hysteresis loop obtained on the RT66 system in the Al/AlN/Si ͓metal-insulator-metal ͑MIS͔͒ structure is smaller than that in the metalferroelectric-semiconductor ͑MFS͒ and it cannot be explained by a ferroelectric mechanism. However, it is larger than that in the IBED deposited amorphous AlN MIS structure, as mentioned in the previous paragraph. Our results suggest that the phenomenon can be explained by a polarization-enhanced mechanism.
It has been shown previously using piezo-response force microscopy ͑PFM͒ that antiphase domains exist in AlN/Si structures. 26 Hence, in the ͑001͒ preferentially oriented AlN films, we can assume that there are mainly two types of wurtzite cell ͑002͒ or ͑00-2͒. Each cell acts as a dipole because of large spontaneous polarization, upward or downward, as shown in Fig. 7 . When no voltage is applied to the MIS structure, the direction of the dipoles is random and the overall polarization is zero. When negative voltage is applied, the leaky current induced dynamic charge in the AlN films will redistribute and most of the charge moves towards the two ends of the downward dipoles and screens them. Therefore, the net polarization is upward. On the contrary, when positive voltage is applied, the net polarization is downward. When the voltage is varied from zero to positive, the polarization change from zero to a positive value, but when the voltage reverts back to zero, the polarization will not return to zero because the charge that segregated towards the two ends of the dipoles cannot move freely. We believe that dynamic charge can be trapped at the two ends of these dipoles because, in a wurtzite structure, the cell can have an anion or cation face 27 and anions can trap positive charges whereas cations trap negative ones. A threshold voltage is needed to release these charges from the two ends of the dipoles. In other words, the large spontaneous polarization can store charge. Previous charge storage in a layer of nano-Si dots embedded in SiO 2 gate oxide has been proven by the large loop in C -V characteristics. 28 The C -V characteristics of our samples shown in Fig. 5 with large loops confirm the charge storage function of spontaneous polarization. By considering the time interval in which the voltage is scanned from 0 to ϩV, back to 0, then to ϪV, and finally back to 0, we can get a hysteresis loop that is similar to that of a ferroelectric material. In Fig. 5 , the higher frequency scan shows much smaller values of deltaគcapacitance ͑verti-cal height of the hysteresis loops͒ than do the low frequency loops. This is consistent with our hypothesis that the hysteresis is caused by charge being trapped at the anion or cation faces of crystalline dipoles. At higher frequencies, this charge will not have enough time to escape, and will manifest itself in a loop with less deltaគcapacitance. It should be mentioned that, for the samples deposited at higher temperatures, the hysteresis with larger loops is not as reproducible because measurement is difficult. The AlN films can more easily experience breakdown due to large grain-boundaryinduced leakage current. Clearly, for IBED deposited AlN films, no spontaneous polarization exists due to the amorphous structure. Therefore, the mechanism proposed could not work for those IBED films even when they are fairly leaky.
IV. CONCLUSION
AlN thin films were fabricated on Si͑100͒ substrates by pulsed laser deposition at room temperature and 300 and 800°C and their properties were investigated. It was found that these films exhibit wurtzite phase and are ͑002͒ preferentially oriented over a large range of substrate temperature from room temperature to 800°C. The AlN film synthesized at room temperature possessed a wurtzite nanocrystalline structure. At higher temperature, the grain size increased and the films had an oriented polycrystalline structure. Electrical measurements showed that there is a high dynamic charge density in the AlN films, and a polarization-enhanced model was proposed to interpret the hysteresis loop obtained on the RT66 system. 
